Nicotianamine (NA), a small molecule ubiquitous in plants, is an important divalent metal chelator and the main precursor of phytosiderophores. Nicotianamine synthase (NAS) is the enzyme catalyzing NA synthesis by the condensation of three aminopropyl moieties of S-adenosylmethionine (SAM) and the cyclization of one of them to form an azetidine ring. Here we report five crystal structures of an archaeal NAS from Methanothermobacter thermautotrophicus, either free or in complex with its product(s) and substrate(s). These structures reveal a two-domains fold arrangement of MtNAS, a small molecule related to NA (named here thermoNicotianamine or tNA), and an original mechanism of synthesis in a buried reaction chamber. This reaction chamber is open to the solvent through a small inlet, and a single active site allows the selective entrance of only one substrate at a time that is then processed and translocated stepwise. metal homeostasis ͉ reaction mechanism
I
ron is an essential element for almost all living species. Although abundant in the earth's crust, the availability of iron is limited as the insoluble ferric (Fe 3ϩ ) form predominates. Plants use two strategies to obtain iron from the soil (1-3). The first one (strategy I) is by reducing the ferric ion pool into its more soluble Fe 2ϩ form before transport through the roots. The second (strategy II) is by the roots excreting small molecules called phytosiderophores, chelators belonging to the mugineic acid family, which have a very high affinity for Fe 3ϩ . Once they are formed, the phytosiderophore-Fe 3ϩ complexes are absorbed by the root system of the plant.
Nicotianamine (NA) is a ubiquitous metabolite in plants that is able to bind heavy metals both in vitro and in vivo and that is crucial to the homeostasis of essential metals such as iron and copper (4) (5) (6) . It is the main precursor in phytosiderophore synthesis and therefore contributes to strategy II iron acquisition. In both strategies, it is also an important metal chelator allowing long distance iron transport and sequestration. The role of NA in the redistribution of iron in plants is illustrated by the phenotype of a tomato mutant called chloronerva, which, unable to synthesize NA, develops interveinal chlorosis despite high iron concentrations in its leaves (7, 8) . The NA level in plants can be manipulated through genetic engineering to produce crops with higher iron contents or with increased tolerance to low iron availability (9, 10) . The action of NA is not restricted to iron homeostasis, but extends to that of other metal ions such as Cu 2ϩ , Zn 2ϩ , Mn 2ϩ , and Ni 2ϩ (10) (11) (12) (13) (14) (15) . For example, one of the most pronounced defects in the chloronerva mutant is a lack of root-to-shoot transport of Cu that induces a severe shortage in leaves with the consequence that Cu-containing enzymes are less active. NA has also been shown to be the main metabolite in Cd 2ϩ and Zn 2ϩ hyperaccumulation in Arabidopsis haleri (16) and largely contributes to Ni 2ϩ chelation and long distance transport in Thlaspi caerulescens, a natural hyperaccumulator plant (12, 17) . Aside from its roles in metal homeostasis, NA inhibits the angiotensin I-converting enzyme in spontaneously hypertensive rats and may therefore reduce high blood pressure in humans (18, 19) . The biosynthesis of NA is catalyzed by nicotianamine synthase (NAS; EC 2.5.1.43) and consists in the condensation of three aminopropyl moieties of S-adenosylmethionine (SAM), with the cyclization of one of them to form an azetidine ring ( Fig. S1 ) (20) . In barley, NAS is a single polypeptide whose functional form has been reported to be a monomer (20) or a trimer (21) . The trimer form was taken as an indication that the catalytic mechanism involves the cooperation of three monomers to achieve the triple condensation of aminopropyl moieties. Despite this controversy, an intriguing feature of NAS, when compared to other aminopropyltranferase enzymes, is that it uses three molecules of SAM without any other aminopropyl acceptor. By comparison, spermidine synthase and spermine synthase, two enzymes belonging to the aminopropyltransferase family, use putrescine or spermidine as their respective acceptors and are limited to only one aminopropyl transfer (22, 23) .
The NAS gene family has long been considered to be plantspecific. However, recent sequencing projects have revealed nas-like genes in the genome of various organisms including plants, fungi, and archaea (21, 24) . Apart from in plants, both NA and a functional NAS have only been detected in Neurospora crassa, a filamentous fungus (24) . On the contrary, nothing is known about the presence of NA, its putative role, and the functional relevance of a nas-like gene in archaea.
Structure of MtNAS.
Here we report the high-resolution crystal structures of (i) the native protein from Methanothermobacter thermautotrophicus (MtNAS) as a complex with one thermoNicotianamine (tNA) or two catalytic products [tNA and 5Ј-methylthioadenosine (MTA)] and (ii) a mutant protein in its apo-form or as a complex with one (glutamate) or two substrates (SAM and glutamate). The crystal structure of the selenome- thionine-labeled native MtNAS was first determined by the multiple-anomalous-dispersion (MAD) method. The structures of all of the other complexes were subsequently solved by molecular replacement and then refined at high resolution (Table S1 ).
In all of the crystal forms, MtNAS is a homodimer stabilized by two intermolecular disulfide bridges linking the first (C3) and last (C264) cysteines of each monomer (Fig. 1A) . This is consistent with the redox-dependent dimerization previously revealed by size exclusion chromatography (25) . Many disulfide bonds were identified and found to contribute significantly to the protein thermostability in some archaea (26) . However, upon dimerization, only about 720 Å 2 of the surface is buried, equivalent to 5.6% of the solvent-accessible surface of each monomer. With 10 intermolecular hydrogen bonds and nine salt bridges located at the dimeric interface, this dimer does not appear to be strongly stabilized, and it is not evident that the functional form in vivo is a dimer.
The MtNAS monomer consists of a five-helix bundle Nterminal domain (residues 2-101) on top of a classic Rossmann fold C-terminal domain (residues 102-264) ( Fig. 1 A and B) . A structural homology search using DALI (27) revealed that the N-terminal domain is specific to the NAS family, whereas the C-terminal domain is highly homologous to the class I family of SAM-dependent methyltransferases, as previously predicted by the level of sequence similarity (28) . A large internal catalytic cavity (hereafter called the reaction chamber) with dimensions of 16 ϫ 8 ϫ 8 Å is located at the interface of the two domains ( Fig. 1C ) and delineated by residues scattered along the primary structure [helix ␣4 and helix ␣6, loops connecting ␤1 to ␣7 (called the D-Loop), ␤4 to ␣10 (called the A-Loop), ␤6 to ␤7 and strand ␤5]. This reaction chamber is open to the solvent by a small inlet restricted by residues belonging to helix ␣4 and residues from both the A-and D-Loops. At the entrance of this reaction chamber on the solvent exposed side, a cleft is clearly visible that corresponds to the nucleotide binding site such as is found in other proteins adopting a Rossmann fold (29, 30) .
The Reaction Product Is Co-Purified and Trapped in the Reaction
Chamber. In the course of refining the MtNAS model, an unexplained electron density was observed in the reaction chamber ( Fig. 2 A and B and Fig. 3C ). Since no substrate, product, or inhibitor was added to the crystallization medium, this molecule must have been co-purified with the protein.
Because of the location in the reaction chamber, we attempted to fit it to one molecule of NA, but although the two aminopropyl moieties fit the observed electron density well, the azetidine ring does not. However, a glutamate moiety matches the observed density perfectly (Fig. 2 A) . We then confirmed the structure of this compound by using noncovalent mass spectrometry (MS) and electrospray ionization tandem mass spectrometry (ESI-MS/MS) analysis (Figs. S2 and S3). The bound molecule is therefore composed of three moieties, a glutamate (called Glu 1 ) and two (central and terminal) aminopropyl moieties (called AP 2 and AP 3 , respectively). We propose naming this compound thermoNicotianamine or tNA. This molecule has never been described earlier, and its properties are still unknown. It is most probably able to bind to various divalent metals with high affinity, but this remains to be evaluated. The same holds true for its physiological role in the archaea that is still unknown.
In the three-dimensional structure of the MtNAS-tNA complex, the tNA molecule is buried in the reaction chamber with only one aminopropyl moiety (AP 3 ) exposed to the solvent (Fig.  1C) . A total of 16 hydrogen bonds contribute to the stabilization of the tNA molecule, not including water molecules (Fig. 2B) . The residues involved in the binding of tNA belong to both the N-and C-terminal domains, and most of them are conserved in sequence alignments (Fig. S4) . It is conceivable that the interaction between the N-and C-terminal domains is not only important for the formation of the reaction chamber but also for the interdomain dynamics, as the mutation in the chloronerva mutant (replacing a hydrophobic phenylalanine residue with a polar serine) is located at the interface of these two domains in a hydrophobic ''hotspot'' that contributes to the interdomain cohesion (Fig. S5) . The AP 3 moiety is the most stabilized part of tNA, with numerous hydrogen bonds mainly with residues located in the conserved D-Loop (G131-T137), but also with one hydrogen bond with the side chain of E81 in helix ␣4 from the N-terminal domain (Fig. 2B ). In the middle of the cavity, the amino group of AP 2 is bound to the protein via one hydrogen bond with the side chain of Y107, whereas the carboxyl moiety is stabilized by two hydrogen bonds with the main chain of A196 and the side chain of R221 Finally, Glu 1 is the most buried part of tNA, and it interacts with the side chains of two residues of the loop connecting ␤6 to ␤7 (N255-N256) and one residue from helix ␣4 (Y73). The chemical similarities between tNA and NA, together with the location in a reaction chamber mostly lined with conserved residues, strongly suggested that tNA had been synthesized by MtNAS in Escherichia coli and that it remained trapped in its active site. Co-purification of an enzyme with its catalytic product is unusual but is corroborated by the strong stabilization of tNA observed in the MtNAS-tNA complex.
tNA Is the Catalytic Product of MtNAS. From the product-bound complex of MtNAS with tNA, we propose the reaction catalyzed by MtNAS to be: Glu ϩ 2 ϫ SAM 3 tNA ϩ 2 ϫ 5Ј-MTA.
This reaction can be compared with the one catalyzed by eukaryotic NAS that uses three SAM molecules to produce NA and three MTA. The chemical similarities between tNA and NA suggest that the azetidine ring is replaced by a glutamate moiety in archaea. This difference in the overall reaction provided us with an opportunity to characterize the successive steps of the reaction (see below). We assayed the reaction catalyzed by MtNAS in vitro using the purified protein (monomer or dimer) and its two substrates, SAM and glutamate. The reaction was followed by ESI-MS, and we observed a slow accumulation of tNA, the rate depending on the temperature (Fig. S2 B and C) . The optimal temperature might be above 55°C (the optimal growth temperature for M. thermoautotrophicus is around 65°C), but at these higher temperatures, the degradation of SAM prevented tNA formation. At 45°C, SAM did not degrade, and the enzyme steadily synthesized tNA for at least 1 h. However, although we did observe net tNA synthesis in MS experiments, this corresponds to only a few turnovers of the enzyme over several tens of minutes, even at temperatures close to the optimum growth conditions for M. thermoautotrophicus. Some additional unknown mechanisms are therefore likely to occur in vivo to free the product.
Structure of the Enzyme with Its Second Product.
MTA is another product of the reaction, and the structure of the MtNAS-tNA-MTA complex was solved at 1.66 Å resolution by co-crystallizing the MtNAS protein with MTA. In addition to the tNA molecule, the resulting high-resolution electron density map clearly showed the presence of one MTA molecule bound to the enzyme in the solvent-exposed cleft (Fig. 3D) . The nucleoside of MTA is sandwiched between the A-Loop and the loop connecting strand ␤2 to helix ␣8. The side chain of E153 stabilizes the ribose through two H-bonds, and the main chain carbonyl of E199 is hydrogen-bonded to the N6 and N7 atoms of the base (Fig. S6) . The nucleoside binding site is completed by residues from the D-Loop and the loop connecting ␤3 to ␣9 with the side chain of E181 hydrogen bonded to the N6 atom of the base. Most importantly, the sulfur atom of MTA and the C3 atom of tNA, i.e., the two atoms of the bond broken in the last step of the reaction catalyzed by MtNAS, are in Van der Waals contact (3.5 Å; ideal distance would be 3.55 Å for C-S). This supports the view that MTA and tNA are the natural catalytic products of MtNAS.
The Catalytic Product Does Not Co-Purify with the E81Q Mutant Form.
Since MtNAS always co-purified with tNA, the crystal structures of the enzyme either free or in complex with its substrates (glutamate and/or SAM) could not be obtained. We therefore attempted to design a mutant that would allow expression of the apo-enzyme in E. coli. We based our analysis on the aminopropyl transfer mechanism proposed for spermidine and spermine synthase (22, 23, 31) . In these mechanisms, the transfer of the aminopropyl group from dcAdoMet to putrescine (or spermidine) was shown to occur via nucleophilic attack of putrescine (or spermidine), a reaction facilitated by its amino group interacting with an acidic residue of the enzyme (D170 for Thermotoga maritima spermidine synthase and D173 and D167 for human spermidine and spermine synthase, respectively). In the structure of MtNAS, the only possible candidate was E81, even though this residue lies in a completely different location when the MtNAS structure is superimposed on either spermidine or spermine synthase structures (Fig. S7) . Although the catalytic mechanism of MtNAS turned out to be quite different from both those of spermine and spermidine synthase, the E81Q mutant was nevertheless free of tNA in the reaction chamber as found by solving its structure in the apo form. This was also confirmed by mass spectrometry. The absence of the catalytic product therefore allowed us to try co-crystallizing the E81Q mutant with its substrates (SAM and Glu).
Structures of Enzyme-Substrate Complexes. We next obtained crystals of the MtNAS-E81Q mutant co-crystallized with glutamate and solved its structure at 1.8 Å resolution. The glutamate is bound at the entrance of the reaction chamber, a position occupied by the AP 3 moiety of tNA in the MtNAS-tNA structure (Fig. 3A) . This position will be called the donor site hereafter. The electron density map revealed that glutamate adopts two alternative orientations. In one conformation, the side chain of the glutamate is hydrogen-bonded to Y107 OH and its main chain carbonyl is hydrogen-bonded to T137 OH in the D-Loop. In the second conformation, the positions of the two carboxylate groups of the glutamate substrate are exchanged. In both cases an ion (attributed to Na ϩ ) contribute to the stabilization of the glutamate. Comparison of the structures of the MtNAS-tNA complex with that of the E81Q-Glu complex reveals two main differences: (i) A small rotation of Y73 around the C␣-C␤ bond and importantly because it is involved in the binding of the glutamate; (ii) a displacement of the Y107 ring (the position of Y107 OH in the two structures differs by 2.4 Å; compare Fig. 3  A and B) . The position of the glutamate at the donor site suggests that upon binding of one SAM substrate molecule, it would translocate to the acceptor site for the formation of the AP 2 -Glu 1 reaction intermediate. To test this hypothetical mechanism, we solved the structure of the E81Q mutant co-crystallized with glutamate and SAM. However and contrary to our expectations, we obtained the structure of a ternary complex with bound products (E81Q-MtNAS-tNA-MTA). This means that although this mutant does not co-purify with the catalytic products when expressed in E. coli, it is still able to complete tNA synthesis in the course of the crystallization process. We then tried to trap an intermediate by soaking a crystal of the MtNAS-E81Q mutant protein co-crystallized with glutamate in a solution containing 5 mM SAM. The structure of this complex, solved by molecular replacement and refined to 1.8 Å resolution, differs from the previous one, as the SAM molecule is clearly and entirely visible in the experimental electron density map (Fig.  3B) . The base and the ribose moieties of the SAM adopt the same conformation as the one observed for the MTA product in the structure of the MtNAS-tNA-MTA ternary complex. In addition, the aminopropyl moiety of SAM extends through the entrance of the reaction chamber and occupies the glutamate binding site as in the single substrate structure previously described. The carboxylate group of SAM is hydrogen-bonded to T137 OH in the donor site, whereas the amino group is hydrogen-bonded to Y107 OH in the acceptor site. The binding of SAM therefore affects the position of the glutamate substrate, which moves away in the reaction chamber. Its release into the solvent is however prevented by the position of the SAM molecule that ''closes the door'' of the reaction chamber. The electron density map in this reaction chamber indicates the glutamate substrate is disordered. Indeed, there are a few bulky electron densities localized over all of the carboxylates found in the MtNAS-tNA complex, as if the glutamate adopted a few discrete positions. We believe that this disorder is due to the E81Q mutation, which likely destabilizes the proper binding of the glutamate substrate. As to why the glutamate does not occupy its final position in the back of the reaction chamber, primary amines are not favored at this position mostly because of the presence of a conserved hydrophobic residue (L110) that cannot engage in a hydrogen bond (Fig. S8) .
Crystallographic Snapshot of the Catalytic Mechanism. Taken together, the crystal structures of MtNAS bound to its different substrates or products allow us to propose a realistic reaction mechanism for the synthesis of tNA and, by analogy, for the synthesis of NA (Fig. 4) . In tNA synthesis, the first step is the binding of the glutamate substrate in the donor site. Upon binding of SAM, the glutamate is translocated to the acceptor site. Deprotonation of the free amino group of glutamate, assisted by the side chains of Y107 and E81, triggers the nucleophilic attack onto the methylene carbon of SAM. The importance of these residues is confirmed by site-directed mutagenesis. Indeed, although mutation of either one of these residues (E81Q or Y107F) does not completely abolish the catalytic activity, the double mutant E81Q/Y107F is completely inactive (Fig. S9) . The next steps are the release of one molecule of MTA and the release of one proton. The chain of water molecules connecting the Y107 OH to E81 O␦1 and to the bulk solvent, clearly visible in the highest resolution crystal structure obtained for the ternary complex between MtNAS-tNA-MTA (Fig. S9) , creates a proton wire that permits a rapid release of protons into the solvent (32) . In turn, the reaction intermediate that formed, AP 2 -Glu 1 , would be translocated deeper into the catalytic chamber to allow the binding of another molecule of SAM in the donor site and the positioning of the free amino group of the AP 2 moiety in the acceptor site. A second catalytic reaction then occurs identical to the first one, taking place at the same catalytic site. The release of another proton and a molecule of MTA accompany this process, while a complete molecule of tNA is assembled. With regard to the difference between tNA and NA synthesis, only the first step would differ and would consist in the azetidine ring formation by autocyclization of the aminopropyl moiety of one molecule of SAM. Sequence divergences between archaeal and eukaryotic enzymes are likely responsible for the difference in the reaction catalyzed. From our sequence alignment (Fig. S4) , we found that the main difference between the two types of enzymes is in the A-Loop region, and we therefore propose that variation in this region determines the capacity to form the azetidine ring. The two subsequent aminopropyl transfers would then occur similarly in eukaryotic and archaeal enzymes.
Overall, these first crystal structures of a NAS family member represent a major advance in understanding the chemistry used for NA synthesis and provide the structural basis for understanding an unusual polymerization mechanism that takes place in a reaction chamber with ordered substrate binding and sequential substrate and reaction intermediate translocations.
Materials and Methods
MtNAS was cloned, expressed, and purified as described by Dreyfus et al. (25) . MtNAS mutants were constructed using the QuikChange II XL Site-Directed Mutagenesis kit from Stratagene following the manufacturer's manual. Crystals of MtNAS-tNA, MtNAS-tNA-MTA, and mutant protein in complex with substrates were obtained from 0.1 mol/L HEPES buffer, pH 7.5, 22% (wt/vol) PEG3350, and 0.4 mol/L NaBr. The structure of the native dimeric protein was solved using selenomethionine-substituted protein and the MAD phasing method. Noncovalent MS measurements were taken with a MicroTOF-Q (Bruker) equipped with an ESI source. MS/MS fragmentation was done directly on the eluting peptide. Wild-type MtNAS (5 M of the dimer in 20 mM Tris buffer, pH 9.0) and mutants activity were measured by following the production of tNA by mass spectrometry. Please see SI Materials and Methods for more details.
